Methods that can be used to determine the wettability in both gas-liquid-rock and liquid-liquid-rock systems have been few. To this end, a method is proposed to evaluate the wettability in either gas-liquid-rock systems or liquid-liquid-rock systems. The method can be used to evaluate the wettability at a specific wetting phase saturation if the capillary pressure and relative permeability at this fluid saturation are known. The validity of the proposed technique was tested qualitatively and quantitatively using experimental data of capillary pressure and relative permeability from different systems. The wettability index calculated using the proposed technique was greater in the drainage case than that in the imbibition case, which is reasonable and consistent with the present understanding. The calculated wettability indices in gas-oilrock systems were greater than in oil-water-rock systems as expected. Results also showed that the wettability index calculated using the proposed method may or may not be independent of fluid saturation in the cases studied.
Introduction
It has been proven experimentally that wettability in gasliquid-rock systems can be altered from strong preferential liquid-wetness to preferential neutral gas-wetness by chemical treatment 1 . Such a wettability alteration in rock near the wellbore may be an important method to improve gas well deliverability in gas-condensate reservoirs. Much attention has been paid to the study of this IOR (improved oil recovery) method. However it still remains a challenge to evaluate the wettability alteration quantitatively in gas-liquid-rock systems because few methods can be used to determine the wettability in such systems. It may be impossible to determine the differences in wettability of different gas-liquid-rock systems using the routine techniques such as the Amott 2 method and the USBM 3 method.
On the other hand, the petroleum industry often has assumed that the contact angle (through the liquid phase) in gas-liquid-rock systems is zero (Slobod and Blum 4 ). This assumption implies that there would be no differences among the wettabilities of gas-liquid-rock systems. This may not be true in certain cases, especially in cases in which wettability is altered from liquid-wetness to neutral gas-wetness by chemical treatment.
Li and Firoozabadi 1 discussed the phenomena of nonzero contact angle in more detail. The wettability in different gasliquid-rock systems may not be the same. For example, the intrinsic contact angle of water against air on smooth PTFE (polytetrafluoroethylene) measured by Morrow 5 was 108 o while the contact angles in most natural gas-liquid-rock systems are much smaller, as is already known. Al-Siyabi et al. 6 measured the gas-oil contact angles of four binary mixtures (C1/nC4, C1/nC8, C1/nC10, and C1/nC14,) at reservoir conditions. Their results showed that the gas-oil contact angles were about 20 o . Li and Horne 7 found significant differences between steam-water and air-water capillary pressures, and Horne et al. 8 found significant differences between steam-water and airwater relative permeabilities. We therefore speculated that there might be differences of wettability in different gasliquid-rock systems such as steam-water-rock and air-waterrock systems. How to characterize such a wettability difference in different gas-liquid-rock systems has been a challenge for a long time.
Slobod and Blum 4 developed a method to evaluate the wettability of reservoir rocks from the threshold capillary pressures measured in oil-water-rock and air-oil-rock systems respectively. However the semiquantitative method was based on the assumption that the contact angle through the liquid phase in gas-liquid-rock systems is zero. Hence this method would not be suitable for the wettability determination in many gas-liquid-rock systems.
Previously we developed a method 9 to infer the wettability of steam-water-rock systems based on the relationship between permeability and capillary pressure by Purcell 10 . In this study we demonstrated using experimental data that the method could be suitable for both gas-liquid-rock and liquidliquid-rock systems. The values of the wettability index were calculated in both drainage and imbibition processes using the experimental data of capillary pressure and relative permeability in different systems. These included gas-oil-rock, gas-water-rock, oil-water-rock systems. The calculated results
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Mathematics
As stated previously, Li and Horne 9 proposed a method to infer the wettability index of gas-water-rock systems. Theoretically this method can be suitable for both gas-liquidrock and liquid-liquid-rock systems. The equation to calculate the wettability index is expressed as follows:
where W iw is the wettability index at a specific wetting phase saturation; λ is the pore size distribution index; k and φ are the absolute permeability and porosity of the rock; F is the socalled lithology factor; σ is the interfacial tension between the two fluids; P c and * w S are the capillary pressure and the normalized saturation of the wetting phase;. k rw is the relative permeability of the wetting phase.
The value of wettability index defined by Eq. 1 ranges from -1 to 1. Eq. 1 was derived according to the relationship between permeability and capillary pressure proposed by Purcell 10 . The derivation of Eq. 1 is presented in Appendix A. An important significance of Eq. 1 is that it may be possible to determine the wettability of gas-liquid-rock systems by using the data from a simple spontaneous water imbibition experiment. Because the relative permeability and the capillary pressure at a specific water saturation can be calculated simultaneously from one single spontaneous water imbibition test according to the method developed by Li and Horne 11 , the wettability index may be obtained using Eq. 1. Relative permeability can be inferred from capillary pressure data. There have been many models representing the relationship between relative permeability and capillary pressure. Eq. 1 can be reduced if such models are substituted into Eq. 1. This will be discussed in more detail later.
If the wettability of a fluid-rock system does not change with the fluid saturation, as is usually assumed, then 12 or the Brooks-Corey models 13 were to be used to calculate the wetting phase relative permeability from capillary pressure data, the results would be different. This may be verified using the data from simultaneous measurements of capillary pressure and relative permeability curves.
Based on the Purcell model 10 , the wetting phase relative permeability can be calculated accurately using the following equation:
Eq. 2 was derived by substituting the following capillary pressure model into the Purcell model 10 :
where p e is the entry capillary pressure. The normalized saturation of the wetting phase in drainage cases is calculated as follows: 
where S w and S wr are the specific saturation and the residual saturation of the wetting phase. Substituting Eq. 2 into Eq. 1, one can obtain:
According to Eq. 5, wettability does not change with the wetting phase saturation if the Purcell model 10 is used to represent the relationship between relative permeability and capillary pressure. We showed the experimental data that support Eq. 5 in a previous paper 9 . The Brooks and Corey 13 relative permeability model for the wetting phase is expressed as follows:
Substituting Eq. 6 into Eq. 1, the following equation can be obtained for the calculation of wettability index:
One can see from Eq. 7 that the wettability index is proportional to the normalized wetting phase saturation if the Brooks and Corey model 13 is used to represent the relationship between relative permeability and capillary pressure.
Similarly, if the Corey 12 model is used to represent the relationship between relative permeability and capillary pressure, the wettability index can be calculated as follows:
Eq. 8 was derived by assigning the value of 2 to λ and using the following model to represent relative permeability:
According to Eq. 8, the wettability index is also proportional to the normalized wetting phase saturation if the Corey 12 model is used to represent the relationship between relative permeability and capillary pressure. The rock property factors, including the pore size distribution index λ, the permeability k, the porosity φ, and the lithology factor F, may be omitted when Eq. 1 is used to compare the wettability differences between two different fluid pairs such as gas-water and oil-water (in the same rock).
The ratio of the wettability index of fluid pair 1 to fluid pair 2 at the same water saturation and in the same rock can be obtained from Eq. 1: 
where W r is the ratio of the wettability index of fluid pair 1 to fluid pair 2. As stated previously, it was assumed that the contact angle through the liquid phase in the gas-liquid-rock system was zero in the Slobod and Blum model 4 . Hence 2 iw W (representing wettability index of the gas-liquid fluid pair) is equal to one in this case. Note that the relative permeabilities of the wetting phase measured using two different fluid pairs may not be always equal.
Results
The experimental data of nitrogen-water relative permeability and capillary pressure in Berea sandstone from Li and Horne 14 were used to calculate the wettability index of nitrogen-waterrock systems. The Berea core sample that Li and Horne 14 used was fired at high temperature to remove the clay. The permeability and porosity of the rock were 1280 md and 23.4%; the length and diameter were 43.2 cm and 5.08 cm respectively. Both the relative permeability and capillary pressure data measured by Li and Horne 14 are depicted in Fig.  1 .
According to Eq. 1, it is necessary to obtain the value of the lithology factor F to calculate the wettability index. To this end, mercury injection was conducted after the measurement of nitrogen-water capillary pressure in a plug drilled from the long core. The capillary pressure curve measured by the mercury injection technique is shown in Fig. 2 . Using the capillary pressure data in Fig. 2 and the measured absolute permeability (1200 md) of the plug, the value of F was calculated and was equal to 0.129. Purcell 10 measured the values of F in many reservoir rock samples. The F data from Purcell 10 and this study are plotted in Fig. 3 , as a function of air permeability. Also shown in Fig.  3 is the value of F of the Berea sandstone before it was fired. It can be seen from Fig. 3 that the relationship between the lithology factor and the air permeability is closely linear on a log-log plot for all the data, including the F values in Berea sandstone. The mathematical expression for such a relationship obtained by regression is represented as follows:
Eq. 12 can be used to estimate the value of F according to the air permeability of rock when mercury injection capillary pressure is not available. Note that there is a factor of 2 difference between the lithology factor defined in this study and that defined by Purcell 10 . The value of the pore size distribution index can be calculated by fitting the nitrogen-water capillary pressure data shown in Fig. 1 using Eq. 3. The calculated value of λ for the core sample was 1.15.
The values of wettability index were calculated using Eqs. 1, 5, 7, and 8 with the experimental and model data of relative permeability and capillary pressure. The results are shown in Fig. 4 . The wettability index calculated using the Purcell 10 model data (the required relative permeabilities were obtained by fitting the experimental data using Eq. 2) does not change with water saturation. However the wettability index increases linearly with the normalized water saturation when relative permeability and capillary pressure are represented using the Corey model 12 or the Brooks-Corey model (B-C model in Fig.  4) 13 . This behavior is similar to that of the wettability index calculated using the experimental data of relative permeability and capillary pressure. Note that Li and Horne 9 showed that the wettability index calculated using the experimental data of relative permeability and capillary pressure did not change with water saturation in some oil-water-rock systems. An important feature shown in Fig. 4 is that the values of the wettability index calculated using different equations (Eqs. 1, 5, 7, and 8) are closer to each other at higher normalized water saturation.
It is often assumed in the petroleum industry that wettability does not change with water saturation. This may be true in some cases, as Li and Horne showed in a previous paper 9 . This may not be true in other cases, as demonstrated in Fig. 4 . More investigation on the relationship between wettability and water saturation is required. We made the same calculation using the data of oil-gas relative permeability and capillary pressure measured in Berea sandstone by Richardson et al. 15 . The permeability and porosity of this core were 107 md and 17.7%; the length and diameter were 30.7 cm and 6.85 cm, respectively. The oil phase was kerosene and the gas phase was helium. The experimental data of the drainage oil-gas relative permeability and the capillary pressure are shown in Fig. 5 . The value of F for this core sample was calculated using Eq. 12. Fig. 6 shows the values of the wettability index of the gas-oil-rock system at different wetting phase saturations using different methods (Eqs. 1, 5, 7, and 8). The wettability index calculated using the Purcell 10 model data does not change with the wetting phase saturation while those calculated using the Corey model 12 or the Brooks-Corey model 13 data increase linearly with the normalized wetting phase saturation. In this case, the wettability indices calculated using Eq. 5 with the Purcell 10 model data of relative permeability and the capillary pressure have a better representation of those calculated using the experimental data of relative permeability and the capillary pressure.
It is important to verify the validity of the method (representing by Eq. 1) to evaluate wettability of gas-liquidrock and liquid-liquid-rock systems.
As is already known, the contact angle in drainage is smaller than that in imbibition. Accordingly the wettability index in drainage is greater than that in imbibition. If the wettability index calculated using Eq. 1 is greater in drainage than that in imbibition, this may prove the validity of the method represented by Eq. 1 qualitatively. Fig. 7 shows the values of the wettability index in both drainage and imbibition cases. The wettability indices were calculated using Eq. 5 with the experimental data of relative permeability and capillary pressure in steam-water-rock systems [16] [17] [18] . The value of F for the core sample was the same as that calculated using the mercury injection capillary pressure data shown in Fig. 2 . This is because the core sample used to measure the steam-water relative permeability and capillary pressure was almost the same as that used to measure the nitrogen-water relative permeability. One can see from Fig. 7 that the wettability index calculated using Eq. 5 is greater in drainage than that in imbibition, which confirms the qualitative validity of the method represented by Eq. 1. Note that the value of F was not available in our previous paper 9 because the measurement of capillary pressure by mercury injection was not available at the time.
It is also known that the wettability index in gas-liquidrock systems is greater than that in liquid-liquid-rock systems. This may also be used to test the validity of the method represented by Eq. 1. Fig. 8 shows the values of the wettability index in drainage in a gas-oil-rock (Berea) system and those in imbibition in a water-oil-rock (Berea) system. The data in drainage in a water-oil-rock (Berea) system is not available. All the values of the wettability index were calculated using the Purcell 10 model data of relative permeability and capillary pressure. One can see from Fig. 8 that the wettability for the wetting phase in a gas-oil-rock (Berea) system is much stronger than that in a water-oil-rock (Berea) system, which is reasonable and consistent with the present understanding.
The preceding verification to the validity of the method represented by Eq. 1 is only qualitative. It would be useful to verify the validity quantitatively. To do so, the experimental data from Morrow 5 were used. According to Eq. 5, only capillary pressure data are required to determine the wettability index. The capillary pressure curves measured in different gas-liquid-rock systems with different known contact angles (or wettability index) are depicted in Fig. 9 .
It is necessary to fit the experimental data of capillary pressure using Eq. 3 in order to obtain the values of the pore size distribution index. The wetting phase saturation data were normalized using Eq. 4 and the relationships between capillary pressure and the normalized wetting phase saturation are shown in Fig. 10 . Most of the relationships are linear on a loglog plot.
The values of λ were calculated using the relationships shown in Fig. 10 and were used to calculate the wettability index in drainage. The results calculated using Eq. 5 are compared to the values of the wettability measured by Morrow 5 , as shown in Fig. 11 . One can see that the values of the wettability index calculated using Eq. 5 are close to the experimental data of the wettability index except one point. However the number of data points is limited. Note that the wettability index in the gas-Octane-PTFE system was assumed to be 1 to obtain the value of F of the core sample.
Conclusions
Based on the present study, the following conclusions may be drawn: 1. The proposed method can be used to determine the wettability of both gas-liquid-rock systems and liquidliquid-rock systems. 2. The wettability index at any specific water saturation may be determined using the method. It has been found that the wettability index may or may not change with fluid saturation in the cases studied. 3. The values of the wettability index calculated using the proposed technique are much greater in gas-liquid-rock systems than those in oil-water-rock systems. The values in imbibition are smaller than in drainage as expected. This demonstrates the qualitative validity of the proposed method.
where k and φ are the absolute permeability and porosity of the rock; F is the so-called lithology factor; σ and θ are the interfacial tension between the two fluids and the contact angle through the liquid phase; P c and S w are the capillary pressure and the saturation of the wetting phase.
To calculate the rock permeability using Eq. A-1, it is convenient to have a mathematical representation for the capillary pressure curve. Brooks and Corey 12 suggested a function to represent capillary pressure curves in porous media, as expressed in Eq. 3. Although the capillary pressure function (Eq. 3) suggested by Brooks and Corey 12 was used originally for drainage instead of imbibition, in this study it was also utilized to calculate the wettability index in imbibition by defining the normalized wetting phase saturation: where S nwr is the residual saturation of the nonwetting phase.
Substituting Eq. 3 into Eq. A-1, one can obtain:
The wettability index W i is defined as cosθ and can be calculated from Eq. A-3:
To calculate the wettability index, the only unknown parameter in Eq. A-4 is the lithology factor, F, once the capillary pressure curve is available. Purcell 10 measured the values of the lithology factor for numerous rock samples by means of comparing the air permeability to the permeability calculated using Eq. A-1. The capillary pressure curves were measured by the technique of mercury injection. The lithology factor ranged from 0.08 to 0.36 and was found to be smaller in lower permeability rocks 10 . The contact angles through the liquid phase can be calculated once the wettability indices are known. Note that the contact angle calculated in such a way may be different from that defined in a capillary tube or on a flat solid surface. Actually, this value may represent the macroscopic average contact angle of the fluid-rock system. Such a contact angle may be named the apparent contact angle for the sake of convenience.
An unsolved question in the petroleum industry is that the relationship between wettability and wetting phase saturation. It is not clear if wettability varies with wetting phase saturation. To study this question, the expression of the wettability index at any specific wetting phase saturation is derived in the following section.
Extending Eq. A-1 to a specific wetting phase saturation, one can obtain:
where k w and θ w are the effective permeability of the wetting phase and the contact angle through the wetting phase. Fatt and Dykstra 19 derived a similar equation to calculate effective water phase permeability by using capillary pressure data. Except for the parameter F, another parameter, b, is required to conduct the calculation using the equation by Fatt and Dykstra
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. Because F is a parameter representing lithology, it was assumed in this study that it does not vary with the saturation of the wetting phase.
Substituting Eq. 3 into Eq. A-5, the following equation is obtained:
where W iw is the wettability index, defined as cosθ w , at a specific wetting phase saturation of S w . The effective permeability of the wetting phase and the capillary pressure in Eq. A-6 are a function of the wetting phase saturation. Eq. 1 can be obtained by substituting the effective permeability (k w ) in Eq. A-6 with relative permeability (k rw ).
One can see from the process of the derivation of Eq. 1 that the method may be used to determine the wettability in either gas-liquid-rock or liquid-liquid-rock systems. This is because there are no special restrictions or assumptions assigned to a specific system during the derivation. 
